We report on the detection and analysis of signals generated from gas-phase laser-induced gratings over a large range of static pressure (0.04 -100 atm). We employed the experimental technique of laser-induced thermal acoustics and performed measurements on mixtures of NO 2 in air and CO 2 as a function of pressure. Accurate analysis of the acquired data was obtained from a full theory, including beam size effects. The theory fully reproduces the observed data for a ratio of molecular mean free path to grating wavelength extending from 1 to 4 3 10 24 . Nonlinear, least-squares f its between modeled and experimental signals provided accurate values of the sound speed and thermal diffusivity.
Previously used in optical diagnostics of liquids and solids, 1 laser-induced gratings have recently been used to measure gas properties at room and elevated temperatures. 2 -5 Measurements have been made at pressures as high as 10 atm, 6 and two groups have reported theoretical studies of the laser-induced grating signal in gas-phase measurements. 3, 7 In this study we investigated the ability to make and model accurately transient grating measurements over a large range of static pressure. Measurements were made on NO 2 buffered in air and CO 2 at various concentrations. The experiments were conducted with the previously discussed laser-induced grating technique of laser-induced thermal acoustics 2 (LITA). When a laser-induced grating is imposed rapidly on a gaseous medium, the medium responds with the generation of a thermal grating and two counterpropagating acoustic waves. Temporal resolution of the light scattered by these structures permits the measurement of the dynamic behavior of the thermal grating and acoustic waves and the extraction of sound speed and transport properties, including the thermal diffusivity. The amplitude and temporal behavior of the induced grating ref lect the competing processes of energy deposition, electrostriction, mass and thermal diffusion, and viscous damping.
The experimental arrangement (details in Ref.
2) employed a forward-scattering beam geometry. The output of a YAG-pumped dye laser (5-ns pulse width, 590 nm, and $ 10 mJ͞pulse) was divided into two beams, which were spatially and temporally overlapped in a static cell. These two beams were collinearly polarized and formed gratings with wavelengths of approximately 10-30 mm. The 488-nm output of an Ar 1 laser was Bragg matched to this grating to generate a signal beam. All three incident beams were focused by a 500-mm lens. The signal beam was time resolved over a period of 500 ns at low pressure to 40 ms at high pressure.
We conducted experiments at room temperature by first filling an evacuated static pressure cell with a known amount (# 10 24 atm) of pure NO 2 , which resonantly absorbs light from the dye laser. Fixed amounts of dry air or CO 2 were then successively added to the cell. The composition was determined by pressure measurements made with Bourdon-type gauges with 0.25% accuracy. After each introduction of buffer gas, the LITA signal was acquired with a 3-1000 laser shot average as needed for signal-to-noise ratios suff icient to expose any systematic problems with the model. In this way, data were collected as a function of pressure for a constant partial pressure of NO 2 . Once the highest practical pressure was reached, data were again collected as a function of total pressure as fractional amounts of the mixture were bled off. The grating Knudsen number, the ratio of mean free path to grating wavelength, ranged from near unity at the lowest pressures to ϳ 4 3 10 24 at the highest pressure. During an experimental pressure survey it was not necessary to make any changes in beam geometry or to reposition the detector.
The acquired LITA signals were fitted by a previously described theoretical treatment 7 that involves a solution of the linear hydrodynamic equations with driving terms that are due to absorption followed by collisional energy transfer (thermalization) and electrostriction and includes the effects of finite beam size. The model fits were performed in an iterative process by a nonlinear least-squares algorithm. The model permits the variation of six gas and three experimental parameters: sound speed, thermal diffusivity, mass diffusivity, acoustic damping coeff icient, thermalization rate, relative magnitude of thermalization and electrostriction, crossing angle of the beams, and the diameters of the dye laser beams and the cw laser beam. To reduce the number of independent variables we assumed that the Prandtl (ratio of viscosity to thermal diffusion) and Lewis (ratio of mass to thermal diffusion) numbers of the gas were constant with pressure. The beam-crossing angles were measured directly. We estimated beam diameters by noting beam-energy transmission through a calibrated pinhole placed at the beams' focus. These values along with ideal gas law estimates of the other parameters were used as initial guesses in the fitting procedure. Fits were made for each pressure in a given experimental run. The fitted values of the experimental parameters were checked against the measured values for consistency. The crossing angle and beam widths were then held constant, and the fitting was repeated with a succession of small changes in the beam widths until a least-squares minimum was found over the entire pressure range. At this point, the beam widths were held fixed, and fitting was done to determine the sound speed and thermal diffusivity. The thermalization rate and the ratio of thermalization to electrostriction were free parameters during all fitting iterations; however, thermalization completely dominated electrostriction in the NO 2 ͞air measurements, and the thermalization rate was effectively inf inite at pressures above a few atmospheres. We note that at 0.55 atm the value for the fitted thermalization rate amounted to 1͞4 that calculated based on a single electronic quenching collision. This suggests the importance of multistep collisions in the thermalization process. The model was able to accurately fit signals acquired from NO 2 ͞air mixtures over a pressure range of 0.04-100 atm.
Examples of LITA signal histories at selected pressures and the corresponding model fits appear in Figs. 1 and 2 . The ringing in the signal decays as the acoustic waves propagate away from the overlapping laser beams and are viscously damped. Figure 1 displays experimental and modeled signal histories taken at low pressures. The acoustic gratings decay before they leave the sample volume. Therefore, ringing appears throughout the signal. At the lowest pressures used in this study (ϳ0.04 atm) the Knudsen number is relatively large (ϳ 1) and the spatial coherence of the laser-induced gratings degrades as a result of linear molecular translation. Slightly more than one cycle of the ringing is present. Additionally, the relatively slow collisional rate at which the thermal grating is generated limits the amplitude of the ringing. Electronic quenching of the NO 2 molecules 8 yields a thermalization rate of only 1.6 3 10 6 s 21 at 0.036 atm. With increasing pressure the thermalization rate increases and the Knudsen number decreases such that the grating fidelity remains high for increasingly longer periods of time. When the mean free path is small compared with the grating spacing, grating decay is diffusional.
In contrast, Fig. 2 shows a measurement and a model result for 34 atm, where the Knudsen number is quite small, Kn 0.0013. The long tail of the signal is due to Bragg scattering off the thermal grating that persists after the acoustic gratings have propagated away from the sample volume. For pressures that lie between those depicted in Figs. 1 and 2 , the LITA signal structure changes smoothly and continuously. For pressures above 34 atm, the length of the thermal tail continues to grow with increasing pressure. The vertical scales in Figs. 1 and 2 are arbitary and not corre- lated with each other. The overall amplitude of the LITA signals increased with increasing pressure because of increasing thermalization rates and decreasing diffusion rates.
The relative contribution of thermal and electrostriction to the laser-induced grating signal depends on various gas and laser beam parameters of a given measurement. For the NO 2 ͞air experiments the thermal grating dominated the electrostrictive grating. By comparison, Fig. 3 shows a measurement made of NO 2 in CO 2 at 1 atm. Both thermal and electrostrictive grating components are visible in the signal. The electrostrictive component has a frequency twice that of the thermal component. Figure 4 shows the sound speed extracted from the NO 2 ͞air LITA signals as a function of pressure for a series of fills and drains. The sound speed has been normalized to the value for room temperature and pressure, and values taken from the literature 9 are included. The relative accuracy of the measurement is better than 1% for pressures above 1 atm. The systematic increase in the extracted sound speed below 1 atm is probably due to the gas mixture's behaving less like a continuous f luid and more like a collection of discrete particles over the distance of the grating spacing. The extracted sound speed approaches the value for the mean thermal velocity, which typically is greater. Despite this systematic deviation, a relative accuracy of better than 3% remains. Systematic deviations between different runs is evidence of small day-to-day changes in the beam geometry. Figure 5 shows extracted values for the thermal diffusivity of air. This quantity varies inversely with density. From the values for the thermal diffusivity we determined the thermal conductivity, which is nearly independent of pressure, rising slightly with increasing pressure. Within experimental uncertainty, our inferred value for the thermal conductivity agrees with recent independent measurements 10 at high pressure. At 1 atm our experimental value is ϳ20% below the published value. This is due to slight misalignment of the incident beams and multistep thermalization rate effects.
In conclusion, we have demonstrated LITA measurements of gas properties over a pressure range of 0.04 -100 atm. A theoretical model that includes finite beam-size effects consistently reproduces the data over the full pressure range. From fits of the experimental signals, we determined sound speed measurements accurate to better than 1% for pressures equal to or greater than 1 atm and thermal diffusivity measurements accurate to ϳ20% at 1 atm and , 20% at high pressure.
